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Abstract 
Nanoscale W/ZrB2 multilayered coatings were prepared by rf magnetron sputtering system at room temperature. SEM, XRD, 
surface profiler and nano-indenter were employed to investigate the influences of modulation period (ȁ) on the microstructure 
and mechanical properties of the films. The results showed that nanoscaled coatings had clear multilayered structure and almost 
all of multilayered coatings possess higher hardness and elastic modulus than the rule-of-mixtures value of monolithic W and 
ZrB2 coatings. At ȁ=30 nm, W/ZrB2 multilayered with mixed polycrystalline texture exhibited the highest hardness of 41.5 GPa 
with lower residual stress. 
PACS: 62.20.Qp; 78.67.Pt; 81.15.Cd; 
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1. Introduction  
The development of protective or hard multilayered coatings has been remarkable during the last decades. Thin 
film superlattices that can exbibit substantial hardness increases more than 100% over the rule-of-mixture and 
structural and mechanical stability up to high temperature [1-5].  
In this investigation, we choose W/ZrB2 multilayer system for several reasons. First, W and ZrB2 have different 
structures with aw = 0.316 nm, aZrB2= 0.317 nm and bZrB2=0.353 nm. The similar lattice parameters cause a relatively 
low energy interface. The narrow interface inducted by the essentially immiscibility also provides a substantial 
barrier to against interdiffusion and dislocation. Second, W and ZrBB2 both have high hardness, high melting point 
and excellent corrosion resistance [6-11], their typical hardness values are 19 GPa and 23 GPa respectively. Third, 
mechanical high-temperature stability is expected owing to both W and ZrB2 are refractory materials with high 
melting temperatures and coefficients of thermal expansion are reasonably close[12-13]. As yet, we have 
specifically achieved some insight into the relation between the modulation structure and properties of lots of 
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coatings in our research [14-16]. The aim of this work is to discuss microstructure and properties of this multilayer 
system with various modulation periods.  
2. Experimental details 
W/ZrB multilayered and monolithic W and ZrBB2 2 coatings with total thickness of about 600 nm were deposited 
on Si (100) substrate at room temperature by rf magnetron sputtering technique. Prior to deposition, the substrate 
were cleaned by traditional methods. The W (99.9% purity) and ZrB2B
0
1x105
2x105
3x105
4x105
 (99.9% purity) disks were used as targets. The 
target-to-substrate distance was kept at 7 cm. The base pressure and working pressure are kept at 2×10-4 Pa and 0.4 
Pa. In the process of deposition, the target power was set to 80 W for W and 100 W for ZrB2. A computer-driven 
shutter controls the thickness of the monolithic layers to synthesize a series of W/ZrB2 multilayered coatings have 
different modulation period (ȁ) with a constant modulation ratios (tW: tZrB2=1:3). Depositions were possessed with a 
fixed substrate bias of -80 V. 
XRD (D/MAX 2500) with Cu Ka radiation at 1.54056 Å was employed for the determination of modulation 
period and crystallinenature. The Cross-section of the sample was examined by Scanning Electron Microscopy (S-
5500). Residual stress generate during the coating growth process were calculated by applying Stoney formula 
according to the measured curvature using an XP-2 profiler which is also used to measure the thickness of the 
coatings. The hardness and elastic modulus of the coatings as a continuous function of depth from a single 
indentation were achieved by continuous stiffness measurement (CSM) technique using a Nano Indenter XP system. 
This system was also used in scratch test which the maximum load was up to 80 mN in order to measure the fracture 
resistance. 
3. Results and discussion 
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Fig. 1  Low angle XRD patterns for W/ZrB  coatings                        Fig. 2  Cross-sectional SEM image of W/ZrB  coating B2 2
Fig.1 shows the low-angle XRD patterns of W/ZrBB2 multilayered coatings. The numerous reflections as well as 
their narrow full width at half maximum (FWHM) indicate that multilayer possesses clear periodic structure and 
sharp interfaces. Based on the orientation of peaks which is pointed out in the figure, the modulation periods (ȁ) are 
calculated to be about 30 nm using Bragg’s equation. 
A typical cross-sectional SEM image for multilayer with ȁ of 30 nm is illustrated in Fig.2, which is consistent 
with the low-angle XRD result and our design before experiment. The light and dark colored layers are respectively 
W and ZrB2 in the image which provides direct evidence of multilayer structure. The monolayer thickness ratio is 
1/3 within each modulation period and their interface of is smooth and clear. 
18  G.Q. Liu et al. / Physics Procedia 18 (2011) 16–20
20 30 40 50 60 70
Zr
B
2(0
01
)
W
 (1
10
)
Zr
B
2(0
02
)
Si
(1
00
) 
2T  (deg.)
In
te
ns
it
y 
(a
.u
.)
30 nm
10 nm
W
2ZrB
      
10
20
30
40
50
200
400
600
800
1000
1200
40
 Hardness
 Elastic Modulus
30 3525
W
ZrB2
H
ar
dn
es
s 
(G
P
a)
Modulation period (nm)
E
lastic m
odulus (G
P
a)
ZrB2
W
15 2010
 multilayered Fig. 3  High-angle XRD patterns of W/ZrB2 multilayered                           Fig.4  Hardness and elastic modulus of W/ZrB2
coatings with different ȁ                                                                              coatings vs. ȁ 
Fig.3 shows the high-angle patterns of W/ZrBB2 multilayers synthesized at different modulation periods. As a 
comparison, the patterns of monolithic W and ZrB2 respectively with typical body-centered-cubic and hexagonal 
structure synthesized under identical deposition conditions are also exhibited in this figure. As we can see, the 
W(110) and ZrB2 (001) preferred orientations appear in the multilayers with high modulation periods (ȁ=30 nm). 
However, the multilayer with smallest ȁ almost exhibit the amorphous structure which is believed that 10 nm space 
is not enough for the growth of W(110) and ZrB2B  (001) texture. In addition, the film of ȁ=30 nm appears better 
crystallinity than others, which result in a positive effect on its mechanical properties. Besides, the FWHM of the 
multilayers’ diffraction peak is broader than that of monolithic layer, which induced by the periodic insertion of 
ZrB2 into W layers that limit the grain size in multilayer structure.  
Fig.4 indicates the regularity of hardness and elastic modulus fluctuation versus the modulation period for the 
W/ZrBB2 multilayer. The hardness of W and ZrB2 monolithic films are 19.7 GPa and 32.6 GPa, respectively. As we 
can see, the hardness of most multilayers exhibit significantly increases, and exceed the rule-of-mixtures value of 
monolithic coatings. The maximum value of 41.5 GPa was achieved at ȁ=30 nm. The trend of elastic modulus 
change is similar to the hardness. The hardness enhancement is a very complex phenomenon. In spite of this, several 
models which explain multilayers strengthening have already been developed as yet. Firstly, the remarkable 
difference in elastic modulus between W and ZrB2 contribute to hardness increase. Secondly, the individual layer 
thickness is thin enough to prevent the generation and movements of dislocation occur within the individual layers. 
Thirdly, sharp interfaces can produce barriers to dislocation glide and columnar grain growth across layers, and the 
alternating stress fields induced by the lattice-mismatch also prevent the dislocation motion cross the interfaces. 
Finally, combined with the result of the high-angle XRD, the hardness of multilayer has a close relationship with 
film’s microstructure. On the one hand, a strong mixture of W (110) and ZrB2 (001) textures is a main reason for the 
hardness increase, On the other hand, smaller grain size lead by the periodic mutual insertion of two modulation 
layers is responsible for the hardness increase. 
Besides hardness, the performance of coatings depends on many other factors including residual stress, friction, 
fracture toughness, adhesive ability and so on. Commonly, high hardness is accompanied with high residual stress 
which leads the coating crack easily. In our study, the W monolithic layer can not deposit exceed 400 nm because 
the growth of the columnar crystal and the accumulation of the residual stress. However, almost all multilayers 
exhibit lower residual stress than the value of monolithic coatings, as shown in Fig.5. Although a precise residual 
stress is hard to be determined by using available instrument, this result reflects the trend of residual stress reducing 
compared with the monolithic layer. We believe that periodic insertion of ZrB2 into W layers suppresses its grain 
growth, which releases stress build in the W layers. 
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 multilayered coatings vs. ȁ      Fig.6  Scratch cross sectional profile of the W/ZrB2, W and ZrBFig.5  Residual stress of W/ZrBB2 B2 coatings B
                                 at a load of 20 mN 
Fig. 6 shows the scratch cross sectional profile of coatings at a load of 20 mN and the micrograph of the coatings 
after scratch test which the maximum load was up to 80 mN. The scratch width, residual depth Rd and pile up height 
in figure can indicate the destruction degree and elastic recovery ability of the coatings during scratch. It is clear that 
the scratch width of multilayer is narrowest compared with monolithic coatings, and the pile up height and Rd of 
multilayer shows obvious improvement contrast to the monolithic W layer due to the insertion of ZrBB2. This result 
proves the enhanced fracture resistance and its elastic recovery ability. We believed that this improved fracture 
resistance appears to be directly related to lower residual stress, higher and strong plastic recovery of coating with 
multilayered structure.  
4. Conclusion 
The influence of multilayered modulation structure on the structural and mechanical properties of multilayer is a 
key factor in its practical applications. In this work, W/ZrB2 multilayered coatings were synthesized with different 
modulation period by a magnetron sputtering system. The main results obtained in this work could be summarized 
as follows: 
(1) All nanoscale W/ZrB2 multilayers have clear modulation structure with sharp interfaces according to our 
design before experiment. Multilayers with high modulation periods exhibit better crystalline state, which is 
conducive to the enhancement of the hardness. 
(2) The hardness of W/ZrB2 multilayers with different modulation period from 10 to 40 nm all surpasses the 
monolithic coatings’. At the optimal modulation period of 30 nm, the multilayer shows the highest hardness and 
elastic modulus, lower residual stress and well fracture resistance ability.  
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